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Structures comprising a xerogel, doped with lanthanide ions (erbium, terbium and europium), embedded in porous
anodic alumina (PAA) have been fabricated and their optical and electrical characteristics have been studied. Erbium
photoluminescence at 1.53 lm from titania xerogel/PAA was found to increase with the number of xerogel layers and
erbium concentration for the excitation wavelength 532 nm, matching the area of transparency of both titania xerogel
and PAA. Visible green and red electroluminescence was observed for terbium and europium doped In2O3 and SnO2
xerogels embedded in porous anodic alumina. The improvement of the electrical properties of the xerogel/PAA cell is
discussed, taking into account the observed ability of conducting In2O3:Sn (ITO) nanoparticles to penetrate into the
anodic alumina pores.
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Porous anodic alumina ﬁlms are of considerable
interest due to their cellular structure, with regu-
larly arranged mesoscopic channels of the pores
[1,2]. Such structures can be used as hosts for
sol gel ﬁlms, which often give new properties to
256these materials. This was shown for the enhanced
photoluminescence of erbium, terbium and euro-
pium from titania, silica and alumina xerogels
embedded in porous anodic alumina of 1 30 lm
thickness [3 5].
A promising ﬁeld of application of lanthanide-
doped xerogels is for electroluminescent devices,
which are currently the focus of substantial re-
search eﬀort due to potential use in ﬂat panel dis-
plays, light emitting diodes, lasers, etc. Most of the
work in this area is directed to the synthesis of or-
ganic EL materials, and high luminous eﬃciencies
at low operational voltages have been demon-
strated [6]. However, organic compounds generally
have a number of disadvantages, including poor
thermal and mechanical stability, resulting in the
occurrence of current voltage instability [7,8].
In this context, it is of interest to use oxide-
based lanthanide-doped materials that may be
synthesized by simpler methods, such as electro-
chemical deposition [9] and sol gel synthesis
[10,11], which oﬀer improved stability. An addi-
tional beneﬁt of study of porous anodic alumina
as an electroluminescent cell also arises from the
enhanced photoluminescence of lanthanides when
embedded therein. Recent reports on the anisot-
ropy of the photonic density of states in porous
anodic alumina, with the maximum along the
direction of the pore channels [12,13] render this
material of interest as a template for electrolumi-
nescent structures. A further attractive feature of
lanthanide luminescence in xerogels is the low con-
centration quenching reported for terbium- and
europium-doped xerogel/PAA structures [14,15].
Recently, titania was considered as a good host
for optically active trivalent erbium ions, exhibiting
a strong photoluminescence at 1.53 lm [16 18].
In this work, the possibility of increasing the er-
bium photoluminescence in xerogel/porous anodic
alumina structure is considered, along with pro-
spective application of the structure for electrolu-
minescent devices. Terbium and europium
electroluminescence (EL) in SnO2 and In2O3 xero-
gels embedded in porous anodic alumina is re-
ported, with the route to assuring electrical
contact between the xerogel and the transparent
electrode, using a suspension of conducting ITO
nanoparticles, is discussed.2. Experimental
Several sol gel derived coatings were used. One
group comprises In2O3 or SnO2 xerogel ﬁlms fab-
ricated from diluted colloidal solutions of Sn(OH)2
or In(OH)3 that were prepared from tin or indium
chloride precursors, accordingly. In order to im-
prove the conductivity of the xerogels, a further
group of ITO-xerogel ﬁlms was fabricated from
these solutions using Sn/In ratio in xerogel ranging
from 4 to 14 mol%. Titanium dioxide ﬁlms were
prepared from Ti(OC2H5)4 precursor, (see [16]
for details). These solutions were mixed with ni-
trates of lanthanide ions to achieve 30 60 wt%
Er2O3, Tb2O3 or Eu2O3 in the respective xerogel
ﬁlms.
The last group of coatings, comprising ITO
nanoparticles, was fabricated using a suspension
of ITO nanoparticles [19].
The ﬁlms were fabricated by spinning the indi-
vidual solutions either on wafers of fused silica,
or thermally oxidized silicon with 0.1 lm thick sil-
icon dioxide or ﬁlms of PAA. The typical thick-
nesses of ITO-xerogel ﬁlm and ITO-ﬁlm derived
from suspension and deposited by spinning on ﬂat
surfaces were 0.01 and 0.5 lm, respectively.
PAA ﬁlms, 5 and 15 lm thick, with a pore
diameter of 90 nm, were fabricated by anodizing
of an aluminum layer deposited by magnetron
sputtering onto silicon substrates; anodizing was
carried out at a constant current density of
5.5 mA/cm2 in 1.2 M H3PO4. Additionally, se-
lected samples were etched to achieve increased
pore diameters. Fig. 1 shows a typical image of
such a porous ﬁlm. To obtain terbium- or euro-
pium-related electroluminescence, the sols contain-
ing lanthanide ions were deposited onto PAA by
spinning at 2700 rpm for 30 s followed by a ther-
mal treatment. An ITO electrode sputtered onto
glass surface was mechanically pressed on the top
surface of PAA ﬁlled with xerogel (Fig. 2), with
the silicon substrate serving as the second
electrode.
Room-temperature, 1.53 lm infrared emission
was studied for titania xerogels containing 30
and 60 wt% of Er2O3 fabricated by spinning on a
porous anodic alumina. Excitation was performed
with an argon laser, operating at 300 or 532 nm.
Fig. 1. SEM image of porous anodic alumina ﬁlm (plane view)
fabricated at constant current density of 5.5 mA/cm2 in 1.2 M
H3PO4 electrolyte.
Fig. 2. Schematic view of EL cell comprising xerogel/porous
anodic alumina structure, fabricated on silicon. The structure
reveals visible Eu or Tb related luminescence when positive
potential above 40 or 90 V is applied to the ITO electrode for
Eu or Tb doped In2O3 and SnO2 xerogels, respectively.
2573. Results and discussion
3.1. 1.53 lm Infrared emission
Erbium-doped titania xerogel ﬁlms, fabricated
on PAA, reveal strong room-temperature PL at
1.53 lm, which is associated with the 4I13/2!4I15/2 transition of Er
3+ in the titania xerogel
(Fig. 3). Depending on the excitation wavelength,
the erbium PL increases or decreases with the
number of deposited xerogel layers. Particularly
it increases for the 532 nm excitation wavelength
(Fig. 3(a)) and decreases for the 300 nm wave-
length. Erbium PL increases also with the increase
of Er2O3 concentration in the titania xerogel from
30 to 60 wt% (Fig. 3(c)). The observed behaviour
of the erbium PL intensity with the number of
xerogel layers for these two excitation wavelengths
can be understood by considering the earlier trans-
mittance measurements of titania xerogel and por-
ous anodic alumina [20]. Contrary to the 300 nm
excitation wavelength, both the titania xerogel
and the porous anodic alumina reveal a higher
transparency for the 532 nm excitation wave-
length, providing favourable conditions for light
propagation at 532 nm and 1.53 lm. Thus, an in-
crease in the titania xerogel content (amount of ac-
tive luminescent centres) results in an increase of
the erbium PL intensity for the 532 nm excitation
wavelength. It may be probable to increase further
the 1.53 lm emission by increase of erbium con-
centration in xerogel and the number of xerogel
layers. The samples do not reveal a strong concen-
tration quenching of erbium photoluminescence
unlike erbium-implanted semiconductors, and the
transparency of titania at the excitation wave-
length allows a further build up of the xerogel lay-
ers within the anodic alumina pores.
3.2. Electroluminescent cell
When a positive potential is applied to the ITO
electrode for the structure of Fig. 2, the visible red
(europium-doped xerogels) and green (terbium-
doped xerogels) emission appears at applied volt-
ages above 40 and 90 V for In2O3 and SnO2 xero-
gels, respectively. The observed light emission
from this structure is associated with the dominant
optical transitions 5D0! 7F2 of Eu3+ at 617 nm
and 5D4! 7F5 of Tb3+ at 545 nm in In2O3 and
SnO2 xerogels. Both of the fabricated structures,
with PAA thicknesses of 5 and 15 lm, exhibited
visually similar intensities of emission.
The voltage current characteristics (VCC) of
the EL structures are presented in Fig. 4. In2O3
Fig. 3. PL spectra around 1.53 lm from erbium doped titania xerogels layers (30 and 60 wt% Er2O3) deposited by spinning from 1 to
15 times onto porous anodic alumina followed by annealing at 900 C for 20 min.
258xerogel based structures operate at lower voltages
than that of SnO2. From the shape of the VCC, it
is concluded that the EL mechanism involves a
double injection (holes from the ITO layer and
electrons from the bottom electrode) and a recom-
bination of the carriers in the phosphor with a
transfer of the energy to the lanthanide ions result-
ing in a photon emission.
Further lowering of the electrical resistance of
the xerogel/porous anodic alumina structure can
be achieved by: (i) ensuring more reliable electrical
contact between the conductive xerogel and the
upper conductive electrode and (ii) improving the
conductivity of the xerogel material, doped with
the lanthanide ions.Ensuring electrical contact may be achieved by
use of an additional conductive sublayer, this con-
ductive sublayer could comprise ITO nanoparti-
cles [19]. Typically, an 0.5 lm thick ITO-ﬁlm,
with a sheet resistance of about 500 X/h can be
obtained by spinning a suspension of ITO nano-
particles followed by annealing at 550 C.
The ability of the dispersed nanoparticles to pen-
etrate through the channels of the anodic alumina
pores was investigated with SEM, and the images
reveal their penetration into the channels of the
anodic alumina after simple spin deposition from
dispersion (Fig. 5). The degree of pore ﬁlling in-
creases by sequential deposition of spin-on layers
from one to ﬁve. Further, the diﬀusion of the lan-
Fig. 4. Voltage current characteristics of EL structure fabri
cated on PAA of 15 ln thick with Eu doped xerogel ﬁlms:
xerogel Eu2O3 In2O3 (curve 1), Eu2O3 SnO2 (curve 2). Sample
dimensions are 5 · 5 mm2.
Table 1
Sheet resistance (kX/h) of ITO xerogel ﬁlms fabricated on





500 600 700 800 900 1000
4 >100 >100 >100 90 80 >100
8 45 35 60 97 75 25
10 30 25 30 45 80 >100
14 83 >100 >100 >100 >100 >100
259thanide ions into the ITO-particles seems unfavour-
able. Examination of the structure fused silica/ITO-
ﬁlm/europium-or terbium-doped titania xerogel,
subjected to a conventional furnace annealing at
1000 C for 12 h does not reveal diﬀusion of lantha-Fig. 5. SEM images of porous anodic alumina after one (a) and ﬁve (b
suspension.nide ions into ITO nanoparticles. Furthermore,
room-temperature measurements of the sheet resis-
tivity, photoluminescence and photoluminescence
excitation spectroscopy (PLE) do not conﬁrm lan-
thanide diﬀusion as well. These structures exhibit
PL and PLE spectra typical of terbium and euro-
pium in titania xerogels reported earlier [4,5].
In order to improve the conductivity of the
xerogel material, several coatable solutions, with
the Sn/In ratio in the ITO-xerogel ranging from
4 to 14 mol%, have been fabricated. The sheet
resistance measurements of the corresponding
ITO-xerogel spin-on ﬁlms are presented in Table 1.) depositions of ITO nanoparticles fabricated by spinning from
260The most conductive ITO-xerogel ﬁlms were
found with Sn/In ratio of 8 and 10 mol% subjected
to thermal treatment at a temperature ranging from
500 to 700 C. However, additional doping of these
ﬁlms with 30 wt% Eu2O3 results in a marked (two
orders of magnitude) decrease of their conductivity.
Probably, other transparent conductive oxides
such as ZnO:Al (AZO) [21], SnO2:Sb (ATO) [22],
along with their moderate doping with lanthanide
ions, could provide layers of lower resistivity.
Their sol gel synthesis in porous anodic alumina
may also further improve the electrical characteris-
tics of the electroluminescent cell comprising the
xerogel/porous anodic alumina structure.4. Conclusions
Structures comprising lanthanide-doped (er-
bium, terbium and europium) xerogel/porous ano-
dic alumina have been synthesized.
Photoluminescence at 1.53 lm, by excitation at
532 nm of the erbium-doped titania xerogel in-
creases with the erbium concentration and the
number of xerogel layers. This excitation wave-
length is optimum for the transparency of both
the titania xerogel and porous anodic alumina.
Visible green and red electroluminescence, ob-
served for terbium- and europium-doped In2O3
and SnO2 xerogels embedded in porous anodic alu-
mina, is reported. Advanced development of xero-
gel/porous anodic alumina structure is thought to
arise from the observed ability of ITO nanoparti-
cles to penetrate the anodic alumina pores. This
can providemore reliable electrical contact between
the conductive electrode and the conductive xero-
gels doped with the lanthanide ions. This eﬀect
and the inﬂuence of lanthanide ions on the conduc-
tivity of other conductive xerogel materials like
ZnO:Al and SnO2:Sb and their possible synthesis
in two-dimensional periodical porous anodic alu-
mina cells will be addressed in subsequent papers.Acknowledgements
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